This paper focuses on the compositional and structural characterization of InGaN-based light-emitting diode (LED) using high resolution x-ray diffraction (HRXRD) system. The LED was epitaxially grown on Si (111) substrate that comprises of In 0.11 Ga 0.89 N multi-quantum-well (MQW) active layer. Phase analysis 2θ-scan proved the composition of GaN (0002) and (0004) at 34.63 o and 72.98 o , respectively. Rocking curve φ-scan showed six significant peaks of the hexagonal GaN structures with consistent angular gaps of ~60 o . From x-ray rocking curve (XRC) ω-scan, screw and mix dislocation density is found as 2.85 × × × × 10 9 cm -2 , while pure edge dislocation density is found as 2.23 × × × × 10 11 cm -2 .
Introduction
GaN-based multi-quantum-well (MQW) light-emitting diode (LED) offers important applications in optoelectronic and electronic device technologies. It has been widely applied to full-color displays, traffic signals and backlight units in liquid crystal display (LCD) as well as capability to operate at high temperatures and high power levels [1, 2] . Since InGaN-based blue LED was founded for practical use by Nakamura et. al. in early 1990s, the research and technology development in GaNbased LED has improving rapidly [3] . GaN and its alloys AlN and InN offers direct and large bandgap covering from 0.7 eV to 6.2 eV, with spectrum from UV to entire visible spectrum [4] .
Since the high cost of fabricating GaN, SiC and sapphire substrates, Si offers lower cost as well as simple integrate with silicon device technologies [5] . Growing heterostructure multilayer of InGaNbased LED on Si present unique challenges. Large differences in lattice constants (17%) and thermal expansion coefficients (116%) between epilayers and the Si substrate may result in the appearance of various defects. These mismatch can generate threading dislocations (TD) throughout the epilayer from the substrate with density around 10 8 -10 10 cm -2 [6] . Accordingly, these structural and point defects can affect electrical and optical properties of the LED, thus influence the device quality and reliability [7] . The presence of defects also lead to the trapping of electron-hole pairs and non-radiative recombination in the active region which result in lower quantum efficiency of the device [8] .
X-ray diffraction is a non-destructive technique used to measure structural properties and defect densities of device structures. In this paper, the compositional and structural information of the epitaxial InGaN-based LED was evaluated using high resolution x-ray diffraction (HRXRD). Phase analysis 2θ-scan (2Theta-scan) was employed to identify the GaN and its alloy compounds in the sample structure. In addition, several approaches based on x-ray rocking curve (XRC) φ-scan (phiscan) and ω-scan (omega-scan) were applied to characterize the structure and defects in the device.
Materials and Methodology
The InGaN-based LED was epitaxially grown on Si (111) substrate by metal organic chemical vapour deposition (MOCVD). Trimethylaluminum, trimethylgallium, trimethylindium and ammonia (NH 3 ) were used as precursors for Al, Ga, In and N, respectively. Hydrogen was used as carrier gas. Monosilane (SiH 4 ) diluted in hydrogen was used for n-type dopant. The Si (111) substrate was thermally cleaned at 1100 °C in H 2 flow prior to the growth. Initially, a n-AlN/InGaN (20 nm/30 nm) was grown on the Si (111) substrate as buffer layer, followed by 40 pairs of n-AlN/GaN multilayer (ML) with respective thickness of 5 nm and 20 nm. Subsequently, a 200 nm n-Al 0.03 Ga 0.97 N cladding underlayer was grown, followed by n + -GaN contact layer, 15 pairs of 1. 
Results and Discussion
The compositional of the alloy compounds in the LED sample identified via 2θ-scan is shown in Fig. 2 . From the diffraction spectrum, a highest intensity peak of GaN (0002) is clearly observed at 34.63 o , while a lower intensity of GaN (0004) peak can be observed at 72.98 o . Detailed inspection found that AlN (0002) peak is observed at 36.28 o . A sharp peak of Si (111) is positioned at 28.45 o in the diffraction spectrum.
The plane spacing of the GaN (0002) strong peak is 0.2589 nm. Therefore, the c-axis lattice constant of the structure is 0.5178 nm, which is consistent with the wurtzite GaN theoritical value [9] . Table 1 simplified the GaN and AlN compounds with their peaks and c-axis lattice constant. The high intensity of GaN peak with its alloys and the existence of its replica indicates that the device have good orientation and structural quality.
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The average size of the crystallite, t was determined from GaN (0002) peak using Scherrer formula
where K is a constant, which is 0.89, λ is the wavelength of the incident beam in Angstrom, β is the full-width at half maximum (FWHM) of the peak in radian and θ is the diffraction angle of the peak [10, 11] . Using Eq. (1), the determined crystallite size is 48.45 nm, thus conforming nanocrystalline structure of our sample. Fig. 2 : Logarithmic x-ray diffraction spectrum of 2θ-scan. Six significant diffraction peaks are clearly oriented in the 360 o scan range. These peaks indicates a periodic symmetry and ordering under scattering geometrical condition of the device, thus provide evidence that the (hkil) family planes in the device structure were diffracted exactly in the Bragg position. The periodicity of the diffraction peaks with consistent angular gaps of ~60 o signifies a highly oriented GaN in the wurtzite structure. The unequal height of the peaks is due to the error in aligning the device for the HRXRD studies. From measurement, the average FWHM of the peaks equal to ~1.1 o . These FWHM of the peaks are related in particular to the axial divergence of the incident and diffracted beams. These highly in-plane orientation of diffraction peaks confirm that the device has high quality hexagonal structure.
The dislocation density can be estimated via x-ray rocking curve (XRC) ω-scan. Fig. 4 shows peak profile of the symmetric scan (0004) that correspond to screw and mixed dislocations, and asymmetric scan 
The quantities ∆ω s and ∆ω e are referred to FWHM value measured from XRC diffraction peak (0004) and ) 0 1 10 ( , respectively, is the Burgers vector for screw type (c-axis lattice constant) dislocations with value of 0.5185 nm, whereas is the Burgers vector for edge type dislocations with value of 0.1063 nm (a-axis lattice constant × 1/3).
The calculated screw and mixed dislocation is 2.85 × 10 9 cm -2 , while 2.23 × 10 11 cm -2 for pure edge dislocations. These results are relatively larger than the value reported by other researcher due to the thin existence of pure GaN layer in the structure. Defects within the structure of the device cause significant broadening in both the symmetric and asymmetric rocking curves. Besides that, it is clearly shown that the FWHM of ) 0 1 10 ( is larger than the (0004). This broadening is the indication of the larger lattice twist of the ) 0 1 10 ( than the lattice tilt of the (0004), since the ) 0 1 10 ( is broadened by all the TDs. 
Conclusions
The compositional and structural analysis was performed using 2θ-scan, XRC φ-scan and ω-scan through HRXRD measurement. Phase analysis 2θ-scan revealed the existense of GaN (0002) and (0004) peaks at 34.63 o and 72.98 o , respectively. In-plane φ-scan ) 4 2 20 ( analysis confirms the highly oriented hexagonal structure of GaN single crystal. From XRC symmetric (0004) analysis, the screw and mixed dislocation is found as 2.85 × 10 9 cm -2 , while the asymmetric ) 0 1 10 ( revealed TD of 2.23 ×10 11 cm -2 for pure edge dislocations. Overall, we suggested that these results indicate good crystalline orientation and high quality of the grown LED device on Si (111) substrate.
